When hen egg-white lysozyme was produced in Escherichia coli, it possessed an extra methionine residue at the N-terminus (Met -1 -lysozyme). The Met -1 -lysozyme showed a decreased refolding yield and solubility compared with the native hen egg-white lysozyme, as the methionine is a hydrophobic amino acid. A Met -2 Pro -1 or Met -2 Ser -1 sequence was introduced at the N-terminus of hen eggwhite lysozyme. The methionine residue in these hen eggwhite lysozymes was completely removed by methionine aminopeptidase, as expected, since the penultimate residue was proline or serine. From the analyses of solubility, stability and refolding yield, it was found that an extra Ser residue attached to the N-terminus of hen egg-white lysozyme (Ser -1 -lysozyme) showed closer characteristics to the native hen egg-white lysozyme than did Met -1 or an extra Pro residue attached to the N-terminus of hen eggwhite lysozyme (Pro -1 -lysozyme). Moreover, the tertiary conformation of Ser -1 -lysozyme examined by NMR spectroscopy and its activity were almost identical with those of native hen egg-white lysozyme.
Introduction
With the advances in DNA technology, it has become possible to obtain a desired protein by expressing the gene of interest in foreign cells. One of the most useful expression systems of recombinant proteins is that with Escherichia coli because it is the most characterized cell, easily treatable, grows rapidly and large amounts desired proteins can be obtained with it. Moreover, for NMR analysis, uniformly 15 N or 13 C isotopically labeled proteins can be easily obtained by growing the cells in minimal media containing 15 N or 13 C as the sole nitrogen or carbon source, respectively, by use of the E.coli system.
In the E.coli system, translation of proteins is initiated with formylmethionine, which corresponds to the initiator of the methionine codon (Marcker and Sanger, 1964) . The formyl group is removed from proteins by deformylase enzyme (Adams, 1968; Takeda and Webster, 1968) . Subsequently, methionine aminopeptidase removes the N-terminal methionine. However, recombinant proteins produced by the E.coli system often possess an additional methionine residue at their N-terminus, because methionine aminopeptidase cannot remove the N-terminal methionine residue when the protein was overexpressed or the side chains of the penultimate residues had a radius of gyration of м1.43 Å (Moerschell et al., 1990) .
In a methionylated protein, its physiological features, such as biological activity, stability, solubility and folding yield, might be different from those of the wild-type protein. Moreover, for conformational analysis using techniques such as NMR spectroscopy or X-ray crystallography, solubility is the most important factor, but a methionylated protein is usually less soluble than the wild-type protein. For example, hen eggwhite lysozyme shows high solubility, but the recombinant lysozyme with a Met residue attached to the N-terminus (Met -1 -lysozyme) shows a lower solubility owing to the addition of the hydrophobic residue to the lysozyme molecule. Some trials using enzymatic methods have been conducted to remove the Met residue attached to the N-terminus of the protein. In the case of human IL-2 and IL-6, the N-terminal Met residue is cleaved by aminopeptidase M and P, respectively (Nakagawa et al., 1987; Yasueda et al., 1990) . On the other hand, it is removed by inserting the factor Xa processing consensus sequence (Ile-Glu-Gly-Arg) between the Met residue and N-terminus of β-globin (Nagai and Thogersen 1984; Fronticelli et al., 1991) . However, these enzymatic methods are not always applicable to all proteins owing to the limited solubility of the proteins or the accessibility of the susceptible bonds to the enzyme.
When hen egg-white lysozyme was expressed in E.coli, it was produced as an inclusion body and exclusively possessed the N-terminal methionine residue , because the original N-terminal residue was lysine. In order to obtain an active hen egg-white lysozyme, we had to renature it, but the renaturation of Met -1 -lysozyme was more difficult than that of the native hen egg-white lysozyme , possibly because of the hydrophobicity of the N-terminal methionine residue. Therefore, in this work, we examined the effects of altering the additional N-terminal residue to smaller and less hydrophobic residues. We constructed mutant hen egg-white lysozymes with a Met-Pro or Met-Ser sequence instead of a Met residue at the N-terminus because the methionine is reported to be completely removed from N-terminus of the proteins when these residues are penultimate residues (Moerschell et al., 1990) . We then compared their solubilities, refolding yields, stabilities, activities and structures with those of Met -1 -lysozyme.
Materials and methods

Materials
Five times recrystallized hen egg-white lysozyme was donated by QP (Tokyo). Isopropyl β-D-thiogalactoside (IPTG) and Micrococcus luteus were purchased from Sigma (St Louis, MO), oxidized glutathione (GSSG) and mercaptoethanol from Nacalai Tesque (Kyoto), CM Toyopearl 650S from Tosoh (Tokyo) and Sephadex G-75 (medium) from Pharmacia (Uppsala). All other chemicals were of the highest quality commercially available.
Preparation of mutant hen egg-white lysozyme by PCR
The addition of Met-Pro and Met-Ser to the N-terminus of wild-type hen egg-white lysozyme was carried out by PCR using oligonucleotides LZ138 (5ЈCCGTCGACAAAAGCT-TCACAGC3Ј), LZ188 (CGCAAGCTTCATATGTCTAAA-GTC3Ј) and LZ189 (5ЈCGCAAGCTTCATATGCCAAA-AGTC3Ј). The NdeI and SalI sites were introduced at the 5Ј-and 3Ј-end of the hen egg-white lysozyme gene, respectively. PCR reactions were carried out in 100 µl volumes using 1 unit of Taq polymerase with 25 cycles of 95°C for 1 min, 50°C for 1 min and 72°C for 1 min. The PCR products were digested with NdeI and SalI and inserted between the NdeI and XhoI sites of pET22b(ϩ) vector (Novagen) just downstream of T7 promoter. The mutations were confirmed using a model 373A DNA sequencer (PE Applied Biosystems).
Expression of mutant hen egg-white lysozymes in E.coli
Mutant hen egg-white lysozyme gene was subcloned into an expression vector pET22b(ϩ) in E.coli BL21(DE3) cells. The strain was grown at 37°C in LB medium. When the absorbance of the culture medium at 660 nm reached 0.9, hen egg-white lysozyme gene was induced for 2 h after the addition of IPTG to a final concentration of 1 mM.
Purification of hen egg-white lysozymes produced in E.coli Cells were harvested by centrifugation for 10 min at 8000 r.p.m. Pellets were suspended in 30 ml of 0.05 M 3-(Nmorpholino)-2-hydroxypropanesulfonic acid (MOPSO), pH 7, and 0.2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (Pefabloc SC) and then sonicated for 30 s 20 times in an ice-water bath. The mixture was centrifuged for 30 min at 7000 r.p.m. The precipitates were suspended in 6 ml of 6 M guanidium hydrochloride (Gdn · HCl) solution (0.575 M TrisHCl buffer containing 6 M Gdn · HCl and 5.25 mM EDTA at pH 8.6), degassed by aspiration, purged with nitrogen and then reduced with 50 µl of mercaptoethanol at 40°C for 1 h. The reduced mixture was diluted into 100 ml of 10% acetic acid with dropwise addition and vigorous stirring in order to extract the reduced hen egg-white lysozyme. The supernatants were lyophilized and then chromatographed on a 1.5 cm i.d.ϫ150 cm column of Sephadex G-75 with 10% acetic acid as eluent. The fractions of the main peak were collected and lyophilized to give fairly pure hen egg-white lysozyme derivative in an inactive form.
Renaturation of inactive hen egg-white lysozyme derivatives was carried out according to the method of Maeda et al. (1995) with slight modification. The renatured hen egg-white lysozyme derivatives were purified as follows. The pH of the solution was lowered to 5.5 with acetic acid and then 10 mM Nethylmaleimide was added to the solution. After stirring for 15 min, the pH of the solution was adjusted to 3.0. The solution was applied directly to a reversed-phase HPLC column (Cosmosil 5 C 18 -AR-300, 4.6 mm i.d.ϫ150 mm; Nacalai Tesque) and eluted with a linear gradient from 50 ml of 1% acetonitrile to 50 ml of 80% acetonitrile, both containing 0.1% acetic acid. The eluted fractions were collected and applied to a CM-Toyopearl cation-exchange column which was eluted with a gradient of 200 ml of 0.05 M phosphate buffer and 200 ml of the same buffer containing 0.5 M NaCl at pH 7. The eluted hen egg-white lysozymes were dialyzed against distilled water and lyophilized.
Renaturation of reduced hen egg-white lysozyme by means of rapid dilution
Renaturation of reduced hen egg-white lysozyme was carried out according to the method of Ueda et al. (1990) . Purified hen egg-white lysozyme described above was dissolved in 1334 500 µl of 8 M urea solution for reduction. After the solution had been degassed, 5 µl of mercaptoethanol were added to the solution, which was then incubated at 40°C for 1 h under a nitrogen atmosphere (reduced solution). To the reduced solution, 16.2 mg of GSSG dissolved in 100 µl of 8 M urea solution were added (redox solution). On the other hand, 19.8 ml of the renaturation buffer (0.1 M Tris-HCl buffer containing 1 mM EDTA at pH 8.0) containing 0.695 mM GSSG was preincubated at 40°C. Renaturation of the reduced hen egg-white lysozyme was initiated by adding 200 µl of redox solution to the renaturation buffer with stirring, and was monitored by following the recovery of the lytic activity according to the literature (Anderson and Wetlaufer, 1976) . At appropriate time intervals up to 60 min, aliquots (100 µl) of the renaturation mixture were transferred into 2 ml of a suspension of M.luteus (0.25 mg/ml) in 0.05 M phosphate buffer at pH 7.0 and the initial rate of decrease in turbidity was measured at 450 nm.
Analytical methods
Amino acid analyses were performed on a Hitachi Model L-8500 amino acid analyzer after hydrolyses of samples in 6 M HCl at 110°C for 20 h. The NH 2 -terminal sequences of peptides were determined with an Applied Biosystems Model 470A gas-phase protein sequencer.
Determination of solubilities of wild-type and mutant hen egg-white lysozymes
To each renatured and lyophilized sample (0.5 mg), 0.4 ml of an appropriate buffer was added and the mixture was allowed to stand at room temperature for 2 h with occasional agitation with the aid of an ultrasonic cleaner. The mixture was then centrifuged and the supernatant was separated. The solubility was determined by measuring the absorbance of the supernatant at 280 nm assuming a molar extinction of 38 500 l/mol·c for hen egg-white lysozyme (Sophianopoulos and van Holde, 1964) .
Stabilities of mutant hen egg-white lysozyme determined with Gdn·HCl denaturation
The unfolding equilibrium of the renaturated proteins against Gdn·HCl was measured in 0.1 M acetate buffer at pH 5.5 and 35°C by monitoring the fluorescence at 360 nm (excitation at 280 nm) (Pace, 1975) . The protein concentration was 0.9 mM. NMR measurements Samples (2 mM) were dissolved in 90% H 2 O-10% D 2 O and the pH was adjusted to 3.8 by addition of dilute HCl or NaOH. All data were acquired at 35°C. 1 H-NMR experiments were performed on a Varian 600 Unity plus NMR spectrometer. Double quantum filtered correlated spectroscopic (DQF-COSY) (Piantini et al., 1982; Rance et al., 1983; Shaka and Freeman, 1983 ) and phase-sensitive nuclear Overhauser effect spectroscopic (NOESY) (Kumer et al., 1980; Marion and Wuthrich, 1983 ) experiments were carried out at 600 MHz using standard procedures. Typically, 16 transients were recorded for each of 512 increments. NOESY spectra were acquired with mixing times of 150 ms. A digital resolution of 2.4 Hz per point in both dimensions was used for NOESY.
Results
Production, purification and identification of wild-type and mutant hen egg-white lysozymes in E.coli
All of the hen egg-white lysozymes were effectively expressed in the present system. Each hen egg-white lysozyme was produced as an inclusion body and cell debris was collected by centrifugation after sonication of the harvested cells. The precipitate was dissolved in 6 M Gdn · HCl solution in the presence of 2-mercaptoethanol and extracted with 10% acetic acid as described in Materials and methods. The aqueous acetic acid extract was concentrated and then chromatographed on Sephadex G-75. The pattern derived from cells harboring Met -1 -lysozyme is shown in Figure 1 . The chromatographic patterns were essentially the same in all cases. From SDS-PAGE analysis, the peak with an arrow gave a single band with the same molecular weight as hen egg-white lysozyme. Therefore, we examined the N-terminal amino acid of the derivatives in the peaks derived from Met -1 -, Met -2 Pro -1 -and Met -2 Ser -1 -lysozymes using the protein sequencer (Table I) . Met -1 -lysozyme retained methionine residue at the N-terminus, but in Met -2 Pro -1 -and Met -2 Ser -1 -lysozymes no methionine residue was detected. Hence Met -2 Pro -1 -and Met -2 Ser -1 -lysozymes were completely converted into the lysozyme where an extra Pro residue was attached to the N-terminus of hen egg-white lysozyme (Pro -1 -lysozyme) and the lysozyme where an extra Ser residue was attached to the N-terminus of hen egg-white lysozyme (Ser -1 -lysozyme) respectively.
Renaturation of wild type and mutant hen egg-white lysozymes
Each denatured and reduced hen egg-white lysozyme was renatured by means of slow dialysis according to the literature (Maeda et al., 1995) . Renatured hen egg-white lysozymes were purified using reversed-phase HPLC to remove low After loading, the column was washed with 1% acetonitrile containing 1% acetic acid first and the adsorbed protein was eluted with a gradient of 50 ml of 1% acetonitrile containing 1% acetic acid and 80% acetonitrile containing 1% acetic acid at a flow rate of 1.2 ml/min. (B) Cation-exchange HPLC of Met -1 hen egg-white lysozyme on CM-Toyopearl. The column was eluted with a gradient of 30 ml of 0.05 M phosphate buffer (pH 7.0) and 30 ml of 0.05 M phosphate buffer (pH 7.0) containing 0.5 M NaCl at a flow rate of 1.0 ml/min. molecular weight reagents such as glutathione and mercaptoethanol. In Figure 2A , the elution pattern of activated Met -1 -lysozyme in reversed-phase HPLC is shown. After the major fraction had been collected and lyophilized, the protein was rechromatographed by ion-exchange HPLC ( Figure 2B ). The retention time of the major peak was the same as that of the native hen egg-white lysozyme. However, a minor peak that eluted earlier than the major peak was observed. Usually simply deamidated protein is eluted here. Similar elution patterns in reversed-phase HPLC and ion-exchange HPLC were observed for Pro -1 -and Ser -1 -lysozymes. The yields of the fractions of Met -1 -, Pro -1 -and Ser -1 -lysozymes were 1.25, 3.8 and 6.7 mg/l, respectively. The hen egg-white lysozymes thus purified were almost as active as intact native hen eggwhite lysozyme (data not shown).
Solubilities of wild type and mutant hen egg-white lysozymes
The solubilities of renatured hen egg-white lysozymes in 0.05 M phosphate buffer at pH 7.2 (PBS) at room temperature were investigated. Met -1 -, Pro -1 -and Ser -1 -lysozymes were soluble to the extent of 12, 14.5 and 35 mg/ml, respectively, i.e. Ser -1 -lysozyme was three times more soluble than Met -1 -lysozyme.
Stabilities of wild-type and mutant hen egg-white lysozymes against Gdn · HCl denaturation
The unfolding transitions of the native hen egg-white lysozyme and Met -1 -, Pro -1 -and Ser -1 -lysozymes induced by Gdn · HCl were analyzed by observing changes in the tryptophyl fluorescence as a function of denaturant concentration at pH 5.5 and 35°C. The denaturation of these hen egg-white lysozymes may be explained as an equilibrium between the folded state and the unfolded state, and Gdn · HCl-induced denaturation curves were analyzed by fitting the data in the equilibrated process (Pace, 1975) . The value of C 1/2 , which is the mid-point of Gdn · HCl denaturation, is shown in Table II . When the stabilities of the mutant hen egg-white lysozymes at pH 5.5 were compared with that of the native hen egg-white lysozyme, Met -1 -lysozyme was destabilized by 0.88 kcal/mol, Pro -1 -lysozyme by 0.73 kcal/mol and Ser -1 -lysozyme by 0.79 kcal/ mol.
Refolding of the reduced hen egg-white lysozyme
Reduced native and mutant hen egg-white lysozymes were renaturated by SH-SS interchange reactions, catalyzed by mercaptoethanol and GSSG at pH 8.0 and 40°C according to the literature (Ueda et al., 1990) . The refolding yields for these hen egg-white lysozymes at concentrations of 20 and 50 µg/ml are shown in Table III . The refolding yield for the reduced native hen egg-white lysozyme after 60 min renaturation was about 80% with respect to its original activity at concentrations of both 20 and 50 µg/ml. On the other hand, the refolding yields for reduced Met -1 -and Pro -1 -lysozymes decreased with increasing concentration of the reduced proteins. However, the refolding yield for Ser -1 -lysozyme was about 80% even when the concentration of reduced hen eggwhite lysozyme was 50 µg/ml. High-order structure of Ser -1 -lysozyme From the results described above, some of the properties of Ser -1 -lysozyme were seen to be similar to those of native hen egg-white lysozyme. To examine the similarity further, twodimensional NMR analysis of Ser -1 -lysozyme was carried out. The assignments of the proton resonances in Ser -1 -lysozyme were carried out on the basis of 1 H-1 H phase-sensitive COSY and NOESY by reference to the assignments in the literature (Redfield and Dobson, 1988) . The difference in the chemical shifts of the CαH and NH resonances between the native and Ser -1 -lysozymes were plotted as a function of residue number (Figure 3 ). Some differences were observed only in the chemical shifts around residue 40.
Discussion
For analyses the relationship between the function and structure of a protein, the E.coli expression system has often been used because large quantities of the desired proteins can be effectively produced. However, as these proteins are usually produced in denatured forms, we must renature them in vitro. Methionine, which often remains at the N-terminus of the protein produced by E.coli, is classified as a hydrophobic amino acid. As the aggregation of the denatured protein is induced by unfavorable hydrophobic interactions (Goldberg et al., 1991) , the additional methionine residue may depress the renaturation yield. Indeed, we have found that the refolding yield at higher concentrations of reduced protein was lower in Met -1 -lysozyme than in the native hen egg-white lysozyme , indicating that reduced Met -1 -lysozyme was apt to aggregate. On the other hand, when an additional serine or proline residue, classified as a hydrophilic and a hydrophobic amino acid, respectively, is the penultimate residue, the methionine residue at the N-terminus of the protein was reported to be removed by methionine aminopeptidase.
As the ε-amino group on Lys1 in hen egg-white lysozyme has been suggested to interact with the carboxyl group in Glu7 electrostatically (Diamond et al., 1974) , Lys1 should not be mutated from the viewpoint of hen egg-white lysozyme stability. Therefore, we prepared two mutant hen egg-white lysozymes using oligonucleotides encoding Met -2 Pro -1 and Met -2 Ser -1 . After purification of these hen egg-white lysozymes produced by the E.coli expression system, amino acid sequences from the N-terminus were examined (Table I ). It was found that both methionine residues at the N-terminus of these hen egg-white lysozymes were completely removed, as expected. The renaturation yields of Pro -1 -and Ser -1 -lysozymes were three and five times higher than that of Met -1 -lysozyme, respectively, while the amounts of these three hen egg-white lysozymes produced were similar. The refolding yield of Ser -1 -lysozyme from its reduced form at a concentration of 50 µg/ml was higher than that of Met -1 -lysozyme, although that of Ser -1 -lysozyme at a concentration of 20 µg/ml was similar to that of Met -1 -lysozyme. The results indicated that Ser -1 -lysozyme was more effectively refolded than Met -1 -lysozyme at higher concentrations. This was consistent with the result that the renaturation yield of Ser -1 -lysozyme was higher than that of Met -1 -lysozyme. Hence the alteration of Met attached to the N-terminal of hen egg-white lysozyme to Ser effectively contributed to the folding of reduced hen eggwhite lysozyme.
Met -1 -lysozyme was less stable than the native hen eggwhite lysozyme whereas the stability of Met -1 -lysozyme was similar to those of Ser -1 -and Pro -1 -lysozymes. From NMR analyses (Figure 3 ), the differences in the chemical shifts of the NH and CαH protons between the native hen egg-white lysozyme and Ser -1 -lysozyme indicated that Ser -1 residue interacts with the peptides Asn39-Thr40-Gln41 and Leu84-Ser85, which are located at the surface of the molecule. Previous X-ray crystallographic analysis of Met -1 -lysozyme fused to fibrinogen (Donahue et al., 1994) had supported the result that the Met -1 residue was located around these residues (Figure 4 ). Since the differences in the chemical shifts of the NH and CαH protons between the native hen egg-white lysozyme and Ser -1 -lysozyme were similar to those between the native hen egg-white lysozyme and Met -1 -lysozyme, these extra residues attached to the N-terminus of hen egg-white lysozyme might similarly affect the hen egg-white lysozyme molecule. This was consistent with the result that Met -1 -, Ser -1 and Pro -1 -lysozymes had activities similar to that of the native hen egg-white lysozyme.
The solubility of Pro -1 -lysozyme in PBS was similar to that of Met -1 -lysozyme, but that of Ser -1 -lysozyme was clearly higher than that of Met -1 -lysozyme. The increase in the solubility of Ser -1 -lysozyme may be due to the fact that the hydrophobicity of the residue attached to the N-terminus of hen egg-white lysozyme decreases on altering Met to Ser because extra residues of hen egg-white lysozyme did not Donahue et al., 1994) . This figure was produced with the MOLSCRIPT program (Kraulis, 1991). affect the gross conformation. In the case of Pro -1 -lysozyme, its solubility did not increase when the alteration was effected. Several indicators of the hydrophobicity of amino acids have been presented (Argos et al., 1982; Sweet and Eisenberg, 1983) . In most of them, the hydrophobicity of Pro was shown to be similar to that of Ser. However, as the yield of the renatured hen egg-white lysozyme from the medium, the refolding yield of reduced hen egg-white lysozyme and the solubility in Pro -1 -lysozyme were similar to those of Met -1 -lysozyme, the proline residue attached to the N-terminus of hen egg-white lysozyme in Pro -1 -lysozyme may have unique properties. Anyway, it was concluded that the alteration of the Met residue attached to the N-terminus of hen egg-white lysozyme to a Ser residue improved the renaturation yield, the refolding yield of reduced hen egg-white lysozyme and the solubility of the folded protein without affecting the activity.
We applied the method to single-chain Fv of CA125, which is derived from anti-tumor antibody. As the N-terminal amino acid of V H is Asp, Met was attached to the N-terminus of the single-chain Fv produced using the E.coli expression system. In a mutant single Fv prepared using oligonucleotides encoding Met -2 Ser -1 , the renaturated yield from the medium and the solubility were shown to be better than that of wild-type singlechain Fv (Met -1 -single chain Fv) (Y.Hashimoto, T.Koyama, T.Tanigawa and T.Imoto; unpublished results). The results indicated that the present approach may be applicable to other proteins. However, when an N-terminal amino acid is involved in a protein function, such as myoglobin, its application should be avoided. By converting the N-terminal Met residue to a Ser residue, the refolding yield of the protein and the solubility of the folded protein were greatly improved without affecting the conformation and physiological features of the protein. This method should be applicable to a wider range of proteins whose N-terminal Met residue is difficult to remove, and it should contribute to protein engineering.
